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57 ABSTRACT 
A method of utilizing bulk phase diagrams to design 
thermodynamically stable conductor/component semi 
conductor compound-semiconductor interfaces. The 
ternary phase diagrams are examined to determine pseu 
dobinary tielines between the compound semiconduc 
tor and conducting intermetallic compounds. The phase 
diagrams also allow prediction of the most stable inter 
face. The resulting interfaces are not only thermally 
stable, but chemically and electrically uniform. 
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5,045,408 
1. 

THERMODYNAMICALLY STABILIZED 
CONDUCTOR/COMPOUND SEMICONDUCTOR 

INTERFACES 

This invention was made with Government support 
under ONR Contract NOOO14-83-K-0612. The Govern 
ment has certain rights in this invention. 

FIELD OF THE INVENTION 

The present invention relates in general to semicon 
ductors and in particular to compound semiconductor/- 
conductor interfaces. 

BACKGROUND OF THE INVENTION 

Solid state chemistry plays a major role in modern 
electronic-device technology, since the production of 
device components requires the preparation and manip 
ulation of high-purity conductors, semiconductors, and 
insulators. New materials and techniques often lead to 20 
the development of new and improved devices, and the 
increasingly sophisticated requirements of the electron 
ics industry provide a focus for research in solid state 
chemistry. A particular area that has provoked consid 
erable interest recently is the conductor/semiconductor 25 
interface. Since electronic devices must communicate 
with one another and with the outside world via con 
ducting contacts, the optimization of circuitry will re 
quire a high degree of chemical control over metalliza 
tions on Semiconductors. 3O 

Presently, however, the typical Ohmic contact or 
Schottky barrier is produced by depositing some por 
tion of the periodic table onto a device structure and 
annealing the result. Which portion of the periodic table 
is used as the contact metal and the details of the form- 35 
ing procedure are determined empirically by screening 
the metallizations for desirable electronic properties, 
such as Schottky barrier heights or contact resistance. 
Compared to the control and care exercised during the 
production of the semiconductor portion of the device, 40 
contact metallization is still in a primitive stage of devel 
opment. 

Conducting contacts to compound semiconductors 
are a particular problem. When an elemental metal is 
deposited onto a binary compound semiconductor sub- 45 
strate, a solid ternary system is formed. In general, the 
metal-semiconductor system will not be in thermody 
namic equilibrium, and a chemical reaction will take 
place that involves the three elements of the system. 
The phase rule predicts that, for an arbitrary pressure 50 
and temperature, there may be as many as three differ 
ent solid phases in equilibrium with one another in a 
ternary system. To appreciate why this fact is a cause 
for concern, one should consider the nature of the 
contact metallization after a reaction has occurred at 55 
the metal/semiconductor interface. 

Early in the reaction sequence, the metal may form Q 
different compounds or alloys with each of the elements 
of the compound semiconductor. Even if the annealing 
process proceeds to a state of chemical equilibrium 60 
between the overlayer and the substrate, the chances 
are good that the resulting overlayer will be comprised 
of two different phases. Such a conducting film will be 
very heterogeneous, since the chemical and electrical 
properties of the two phases will most likely be very 65 
different, and controlling the morphology of the film 
will be extremely difficult. A schematic view of such a 
contact is shown in FIG. 1. In FIG. 1 the ideal contact 

10 

5 

2 
is a uniform conducting phase. In practice, alloyed or 
sintered contacts on compound Semiconductors are 
composed of at least two phases. The interface mor 
phology is rough, and Voids are often present. The film 
is extremely non-uniform and often breaks open. The 
semiconductor material under Such a contact contains a 
large number of defects. 
This situation contrasts with that for elemental semi 

conductors such as Si onto which a single-element con 
taining metal has been deposited. Since a binary system 
will have at most two solid phases at equilibrium, the 
metal contact of an elemental Semiconductor in thermo 
dynamic equilibrium will be comprised of only one 
phase, either the unreacted metal or a compound such 
as a silicide. Thus, contact technology for compound 
semiconductors is in principle more troublesome than 
that for elemental semiconductors because of the extra 
degree of freedom introduced into the phase diagram of 
the metal/semiconductor system by the presence of an 
'extra' element. 
There are other reasons to be concerned about the 

chemical reactions in metal/compound-semiconductor 
systems. Such solid state reactions consume some of the 
Semiconductor material, and may seriously alter the 
morphology of the substrate material, as well as gener 
ate numerous defects in the metal/semiconductor inter 
face region. These defects may later diffuse to active 
regions of the device, degrade its performance, and 
shorten its useful life. Another problem is that the sys 
ten may not have achieved thermodynamic equilibrium 
during the forming process. If chemical reactions con 
tinue to occur after the device is placed in service, per 
haps driven by the power dissipated in the device by the 
flow of current, the nature of the contact, and thus the 
device properties, will change with time. All of the 
above possibilities are highly undesirable effects, espe 
cially for very small devices and for systems that are 
intended to operate at high temperatures. 

Studies have shown that films formed by thermal 
oxidation processes yield systems that are locally in 
thermodynamic equilibrium. For the case of GaAs, the 
film formed in contact with the semiconductor is com 
posed of elemental As and GaO3. After a sufficiently 
thick layer has grown, another oxide layer may form, 
containing other phases that are in equilibrium with the 
first layer. Thus, these oxide films may actually be mul 
tilayered structures, with the phases at each interface in 
local thermodynamic equilibrium. Behavior similar to 
that of the oxides may Q be expected from metal films, 
although the metal films are more complex since the 
metallic phases formed often have appreciable solubility 
with one another. 
The stabilization of interfaces between metals and 

III-V compound semiconductors is especially desirable 
(e.g., whether metal= Pt, Ag, Au; III = Al, Ga, In; 
V = P, AS, Sb) because of the common use of these 
metals in integrated circuit fabrication. 

Studies have described "out-diffusion' of the group 
III element through the metal overlayer or "interdiffu 
sion' of the metal and compound-semiconductor mate 
rials during heat treatment, and have shown that this 
intermixing of the group-III metal and the overlayer 
metal is the result of a chemical reaction in which vari 
ous alloys and intermetallic compounds are formed. 
The general pattern that arises from these studies is 

that heating a metal/III-V system leads to the decompo 
sition of Some of the substrate material, with, in the case 
of Au, the simultaneous formation of Q Au/group-III 
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intermetallic compounds and elemental group V, some 
of which may escape from the film into the vapor phase. 
The resulting conducting contact has several undesir 
able properties, the most obvious of which is a rough 
film morphology that consists of polycrystalline grains 
of intermetallic compounds, elemental group V, and the 
III-V compound-semiconductor material. Such a heter 
ogeneous overlayer is not suitable for defining very 
small features for microcircuits. Another problem is 
that the Au-rich intermetallic compounds observed to 
form are brittle and have a higher resistivity than Au. 
Finally, defects introduced by such alloying procedures 
have been shown to affect adversely the lifetime of 
operating devices. 
The occurrence of strong chemical interactions be 

tween Au and III-V compound semiconductors has also 
been observed near room temperature for thin films 
deposited on atomically clean surfaces In-vacuo photo 
emission and Auger studies of evaporated thin Au films 
(< A100 A) on GaAs, GaSb, and InP substrates reveal 
that some group-III and sometimes group-V species 
appear on the surface of the evaporated film, even for 
film thicknesses of >20 monolayers of Au. These chem 
ical reactions at the Au/III-V semiconductor interface 
are probably the driving force in creating the defects 
that have been invoked as the cause of the Fermi-level 
pinning observed in these systems. Furthermore, these 
reactions generate elemental group-V species, which 
may be responsible in part for the "common anion rule' 
of Schottky-barrier formation on III-V compound semi 
conductors. 
The formation of Au-Ga intermetallic compounds 

and As from Au films on GaAs may be understood in 
terms of simple thermodynamics. In a closed system, 
i.e., one in which no gas phase species are allowed to 
form, there is no detectable bulk reaction between Au 
and GaAs. This means that in the Au-Ga-Asternary 
phase diagram, Au and GaAs are connected by a tie 
line, and are in thermodynamic equilibrium with one 
another. This situation is actually fairly rare. For Au 
and InP or Pt on GaAs, bulk chemical reactions will 
occur even in closed systems to form intermetallic com 
pounds. 

For open systems, i.e., for contacts that are annealed 
in vacuum chambers and/or operated in ambient atmo 
spheres, there is an additional driving force for the 
reaction between Au and GaAs, the free energy in 
volved in the evaporation of As4 or AS2 from the film. 
For this case, the energetics of the reaction may be 
illustrated with a particular example: the reaction of Au 
with GaAs to form AuCia and gaseous As4: 

Au(s) + GaAs(-AuCa(, ) + As4(g) (1) 
FIG. 2 shows the change in Gibbs free energy (AGR) of 
reaction (l) as a function of temperature, as well as the 
A GR's for 

Aut) -- “ia As-Augas. -- AS(i). (2) 

and 

GaAsy-Gat -As4(g) 

The Gibbs free energies plotted in this fashion were 
taken from the literature for the free energy of forma 
tion of GaAs and estimated using the enthalpy of forma 
tion for AuCia. Eq. (1) is plotted assuming that the 
vapor pressure of AS4 is maintained at 10-8 Torr over 
the sample. The plot in FIG. 2 indicates that, at temper 

10 
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30 

4 
atures over - 500 K, the overall reaction in Eq. (1) will 
proceed in the forward direction until either all the Au 
or GaAs has reacted. Although the temperature at 
which AGR of Eq. (1) becomes negative is only an 
estimate, because of the uncertainties in the quantities 
used to derive the plot in FIG. 2, the primary point of 
interest is that depositing Au on a GaAs surface will 
lead to a breakdown of GaAs and evolution of As4 at a 
significantly lower temperature than that observed for 
the non-congruent sublimation of As4 from clean GaAs. 
Thus, when depositing Au on GaAs and annealing the 
resultant system in a large-volume container to temper 
atures - 500 C, one would expect the Au to react with 
GaAs to form one or more Au-Ga intermetallic com 
pounds with the subsequent release of As4(g) On the 
phase diagram, the system would become increasingly 
As-deficient, and the equilibrium state would depend 
upon the total amounts of Au, Ga, and As present after 
the reaction reached completion This result is obviously 
undesirable. 

Accordingly, it is the principal object of the present 
invention to thermodynamically stabilize a conductor/- 
compound semiconductor interface. 

It is a further object of this invention to provide a 
stable interface between an intermetallic compound and 
a compound semiconductor. 

SUMMARY OF THE INVENTION 

The present invention, in a broad aspect, is a method 
of forming a thermodynamically stable contact between 

35 

40 

45 

50 

a conductor and a compound semiconductor through 
the use of ternary phase diagrams. A ternary phase 
diagram of the elements forming the conductor and 
compound semiconductor is examined to determine 
pseudobinary tielines between the compound semicon 
ductor and various intermetallic compounds. The tie 
lines define thermodynamically stable interfaces where 
the compound semiconductor behaves as a binary sys 
tem with the intermetallic compound. 

In accordance with one feature of the invention, a 
method of forming an optimum thermodynamically 
stabilized contact between a conductor and a III-V 
compound semiconductor utilizes the intermetallic 
compounds which are connected to the compound 
semiconductor by tie-lines through the ternary phase 
diagram. 

In accordance with another feature of the present 
invention, novel products, i.e., specific intermetallic 
compounds, are formed by the processes of the methods 
of the present invention. 

Other objects, features, and advantages of the present 
invention will become apparent from a consideration of 
the following Detailed Description and the accompany 

5 ing drawings 

60 
(3) 

65 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic drawing of conducting thin 

films on semiconductor substrates; 
FIG. 2 is a graph of the change in the Gibbs free 

energies (AGR) for reactions 1-3 in the Background as a 
function of temperature; 
FIG. 3 is the solidus portion of the Au-Ga-Asternary 

phase diagram as utilized according to the present in 
vention; 
FIG. 4 is the solidus portions of all the ternary phase 

diagrams of the type Au-III-V as utilized according to 
the present invention; 
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FIG. 5 are the ternary phase diagrams for Pt-Ga-As 
and Pt-Ga-Sb as utilized according to the present inven 
tion; 
FIG. 6 are the ternary phase diagrams for all Q sys 

tems of the type Co-III-V as utilized according to the 
present invention; - 
FIG. 7 are all ternary phase diagrams of the type 

Ni-III-V as utilized according to the present invention; 
FIG. 8 are all ternary phase diagrams of the type 

Cu-III-V as utilized according to the present invention; 
FIG. 9 is the phase diagram for the Ge-Ga-Asternary 

showing that Ge and GaAs are thermodynamically 
stable toward one another. 

DETAILED DESCRIPTION 

Ternary phase diagrams of bulk materials can be used 
to engineer conductor/compound-semiconductor inter 
faces that are near thermodynamic equilibrium. The 
present invention is a method for the use of ternary 
phase diagram to determine "pseudobinary' tielines 
between an intermetallic compounds and a compound 
semiconductor. The result is a contact in which the 
conducting film, i.e., the intermetallic compound, the 
compound semiconductor behave like two elemental 
species that form a simple (binary) eutectic system. 
As applied to III-V compound semiconductors, the 

present invention is also a method for fabricating a 
thermodynamically stable conductor/compound-semi 
conductor junction in which an intermetallic compound 
containing the group III element present in the com 
pound semiconductor is grown or otherwise placed 
above the compound semiconductor. The choice of 
which intermetallic compound is used is determined by 
which ones are connected to the compound semicon 
ductor by a tie-line through the ternary phase diagram 
and also have a high metallic conductivity. 
The same principle is equally valid for the II-VI and 

IV-VI compound semiconductors, with the exception 
that the intermetallic compounds will contain either the 
group II or VI elements for the former and the group 
IV or VI elements for the latter semiconductor. 
The foregoing approach to stabilization of conduc 

tor/compound-semiconductors interfaces is an alternate 
to that previously employed, which has involved, for 
example, empirical screening of the properties of the 
metal/semiconductor contact such as Schottky barrier 
height. The prior trend has been to look at increasingly 
thinner metal "films', since the Schottky barrier height 
appears to be established for submonolayer amounts of 
metal. In attempting to understand the microstructure 
of such systems, however, the prior approaches have 
almost completely ignored the macroscopic chemical 
properties of the junctions, which are the focus of the 
present invention. 
The knowledge and understanding of the bulk chem 

istry of these contacts is directly relevant to such topics 
as the morphology of the interfacial region and the 
compounds that may be found there; these in turn deter 
mine the ability to pattern extremely small features into 
the metallization and the reliability of a device struc 
ture. If a chemical reaction occurs at the contact inter 
face, driven either by an anneal during the forming 
process or by Ohmic heating during device operation, 
then the geometry and electrical properties may change 
drastically in an uncontrollable fashion. Furthermore, 
establishing the bulk properties of these systems will 
determine which materials may react with one another 
and what product species can be formed. With this 
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6 
information as a foundation, one may then examine thin 
film behavior to determine the relative importance of 
other macroscopic effects, such as bulk reaction kinetics 
and diffusion, as well as microscopic phenomena, such 
as defects and interfacial stresses and Strains. 
The present invention may be understood best by 

way of an example: the formation of a contact between 
Au and GaAs. The solidus portion of the Au-Ga-As 
ternary phase diagram for temperatures from essentially 
OK to 650K is shown in FIG. 3. At temperatures above 
650K, eutectics form between various compounds and 
the diagram will look significantly different. As long as 
the only liquid phase is nearly pure Ga, however, this 
diagram can be used to determine the relative amounts 
of different phases present in the system, given the rela 
tive amounts of the three elemental components. 
Note that the boundaries of the phase diagram are 

defined by the three elemental components of the sys 
tem at the vertices of the major equilateral triangle, 
which is subdivided by several tielines into smaller 
triangles with vertices determined by the various phases 
that may exist in the system. Three of those phases are 
elemental Au, Ga, and AS. 

This general topology of a ternary phase diagram at a 
particular temperature and pressure is required by the 
Gibbs phase rule, 

P= C-fl-2 ( ) 

i.e., the number of phases (P) in a system is equal to the 
number of components (C) minus the number of specific 
degrees of freedom (f) plus 2. If the system is examined 
at a specific temperature and pressure, say 298 K and 1 
atm, then f=2. Therefore, P = C and at most three pha 
ses may co-exist at equilibrium. The relative amounts of 
each phase are determined first by using the lever rule 
to locate the elemental composition of the system 
within the major triangle. Then, the lever rule may be 
applied again to determine the amounts of the phases 
that are present. If the composition is specified by a 
point that lies on a tieline within the Q major triangle, 
for example, point A in FIG. 3, then there are only two 
phases, Au and GaAs, in the system at equilibrium. 
Tielines separate different three-phase regions from one 
another, and thus represent compositions at which an 
additional degree of freedom is specified; thus f=3 and 
P = 2. If, however, the composition is represented by a 
point such as B in the interior of a minor triangle, then 
there are three phases at equilibrium (GaAs, AuCa, and 
y). The relative amounts of the phases present are deter 
mined by using the lever rule within the subtriangle 
bounded by GaAs, AuCa, and y, for the example of 
composition B. The arrangement of the tielines in a 
particular ternary system is determined either experi 
mentally or from existing thermodynamic data. 
Thus, the diagram of FIG. 3 predicts that elemental 

Au and GaAs form a pseudobinary system; that is, these 
two phases should be stable in contact with one another 
and do not form any interfacial compounds at any tem 
perature. 

Experiments have proven, however, that even 
though Au and GaAs form a pseudobinary System, 
chemical reactions occur under normal device process 
ing conditions with subsequent formation of intermetal 
lic compounds of Au and Ga. The explanation for this is 
as follows 
The ternary phase diagram in FIG. 3 is implicitly 

assumed to be a closed system; that is, there is no mass 
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exchange between the system and its surroundings This 
is true if the system is somehow encapsulated and the 
external pressure that is applied is greater than the 
vapor pressure of any volatile species. The environment 
in which most devices are processed or operated, how 
ever, is an open system. Thus, volatile species are either 
pumped away or escape into the atmosphere, which 
means that the actual vapor pressure of the group-V 
species over the solid is extremely small. The change in 
entropy S accompanying the sublimation of a material 
at pressure p compared to that at a pressure of 1 atm, the 
standard reference pressure for most thermodynamic 
systems, is 

AS = - mRln(p), (2) 

where n is the number of moles that subline and R is the 
gas constant. 
At a particular temperature, the change in Gibbs free 

energy for a reaction is 
AG = AH-TAS. (3) 

Even if H for a reaction involving the sublimation of a 
species is positive, there will always be some tempera 
ture at which the AG becomes negative, since AS for 
sublimation is positive. The size of the entropic term can 
be estimated by calculating TAS for the sublimation of 
one mole of solid at a pressure of 108 Torr and 298K 
(TAS snRT ln(p) at 62 kJ). Thus, for Au films on GaAs 
heated in vacuo, gas-phase arsenic species have been 
observed to evolve at temperatures as low as 550 K, as 
predicted from simple bulk thermodynamic calcula 
tions. The entropic contribution to the free energy is 
large enough to drive the reaction, even though it is 
endothermic. 
The effect of this loss of As is to change the composi 

tion of the system. If a thin film of Au is deposited on a 
GaAs substrate, the resulting system resides on the 
Au-GaAs tieline, and those are the only two stable 

O 

20 

25 

30 

35 

phases at the interface. However, if the temperature of 40 
the system is raised high enough for a reaction such as 

l4Aut-- 4 GaAs(s)-2Au7Gat -- AS(g) (4) 

to be driven by the formation of a gas-phase species 
(Au?Ga2 is the approximate stoichiometry of the f3 
phase), the composition of the system moves to the left 
on the phase diagram of FIG.3 and the stable phases are 
GaAs, Au, and (3, as observed experimentally. If the 
process is carried out slowly, all the Au will react to 
form (3 phase. The next reaction will involve g and 
GaAs to form y and AS40g), followed by y and GaAs to 
form AuGa and AS4(g), and finally AuCia and GaAs to 
form AuCa2 and AS4(g). As long as the reactions pro 
ceed slowly, there will be at most three solid phased in 
the system at any given time. 

Phase diagrams are also valuable as a predictive 
For instance, if one wanted to know what the most 

stable Au-containing contact to GaAs is, consulting the 
ternary diagram in FIG.3 reveals that it is the interme 
tallic compound AuGa2. This conclusion is trivial, since 
there are no other Au-containing compounds (other 
than the liquid Ga phase with small amount of dissolved 
Au) that could be a product of a reaction of GaAs and 
AuCa2. Thus, a GaAs substrate with AuCa2 film on it 
will be stable with respect to any possible chemical 
reactions until the system is heated above the non-con 
gruent sublimation temperature of GaAs, at which 
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8 
point the GaAs will decompose thermally. The interme 
tallic compound AuCa will also be significantly more 
stable than elemental Au although not as stable as 
AuGa. Both AuCa and AuGa2 are excellent conduc 
tors, and make satisfactory contacts for GaAs. 

Since any intermetallic compound containing As will 
be subject to thermal decomposition for the same reason 
that GaAs is, one may predict that, for any metallization 
scheme, the most stable metal in contact with GaAs will 
be the intermetallic compound that contains the highest 
percentage of Ga. This observation may also be gener 
alized to all of the III-V compound semiconductors, 
and is a direct consequence of the Gibbs phase rule and 
the high volatility of the group-V elements. 
One example of a semiconductor/semiconductor 

system that has been used with limited success (but 
which is not a part of this invention) is a contact be 
tween Ge and GaAs. One method that has been effec 
tive in producing stable contacts to GaAs has been to 
grow a highly doped, epitaxial Ge layer on the GaAs 
Substrate and then to form a contact on the Ge. The 
metal/semiconductor interface region may now be a 
binary system if a single element is used as the contact 
ing metal. Thus, all the problems associated with form 
ing multiphase metal contacts appear to have been 
avoided by interposing a layer of Ge between the GaAs 
and the metal. However, the Ge-GaAs interface still 
contains three elements. Examination of the bulk Ge 
Ga-As phase diagram (FIG. 9) shows that Ge and GaAs 
form a pseudobinary in the ternary system. The two 
semiconductors behave just like two elemental species 
that form a simple eutectic system (although metastable 
solid solutions of Ge in GaAs may be formed and a 
limited exchange reaction is observed at Ge-GaAs in 
terfaces). Thus, this contact metallization scheme is 
very stable and uniform because the bulk phases present 
at each interface in the multilayer structure are "lo 
cally' in thermodynamic equilibrium, as in the case of 
the multilayered oxides on GaAs, and each interface 
separates two materials that form pseudobinary or 
"true' binary systems. The key aspect to the formation 
of single-phase contacts to the compound semiconduc 
tors is thus to find pseudobinary tielines connecting the 
semiconductor to another phase, either an elemental 
semiconductor or the metallic phase itself. 
The reasons for interest in intermetallic compounds 

forming pseudobinaries as contacts to compound Semi 
conductors, as opposed to simply contacting an epitax 
ial semiconductor such as Ge on GaAs, are that (1) an 
elemental semiconductor that forms a pseudobinary 
with, and is lattice-matched to, the system of choice 
may not exist, and (2) some diffusion will occur between 
the two semiconductors to yield unwanted doping 
properties in either semiconductor material. Schottky 
barriers and Ohmic contacts derived from a single 
phase intermetallic compounds that forms a pseudobi 
nary system with a compound semiconductor will not 
react with the substrate and should thus yield a ther 
mally stable and highly uniform conducting contact. 
Furthermore, these contacts should be temporally sta 
ble, and the number of defects created in the Substrate 
material by chemical reactions with the film should be 
minimized. In fact, it has been observed that AuCa2 
films on GaAs retain their Schottky barrier even after 
annealing to 350 C, whereas Au Schottky barriers on 
GaAs degrade significantly and essentially become 
ohmic with equivalent annealing. The chemical stability 
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of such conductor/compound-semiconductor systems 
Q will be especially useful in high-temperature and 
high-power devices, for which the primary limitation 
will be the eutectic temperature of the pseudobinary. 
The chemical and morphological uniformity achievable 
with a single-phase intermetallic compound film will 
also be useful in forming integrated circuits with com 
pound-semiconductor materials that have smaller fea 
ture sizes and more reproducible characteristics than 
are presently achieved. 
The deposition of conducting intermetallic com 

pound films on compound-semiconductor substrates 
may best be accomplished by molecular-beam deposi 
tion, sputtering processes, or chemical vapor deposition 
of organometallic precursors in the primary growth 
chamber for the semiconductor material. This provides 
the highest degree of control over the stoichiometry of 
the conducting films, and also minimizes the contamina 
tion of the intermetallic compound/compound semi 
conductor interface. Only a few studies of the electrical 
characteristics of such contacts have been performed, 
but as noted above, the results have been very promis 
ing. Since the majority of Au-based contacts to III-V 
compound semiconductors actually involve an interme 
tallic compound formed during a chemical reaction 
with the substrate, the electrical properties of the pseu 
dobinary contacts should be at least as good as existing 
contacts, as long as the substrate material can be prop 
erly doped. 

It has been recognized in the past that element Ag is 
a unique chemically stable contact to GaAs, but the 
thermodynamic basis for this stability was not appreci 
ated. This invention reveals how to obtain many more 
chemically stable conducting contacts for GaAs or any 
other compound semiconductor by choosing appropri 
ate intermetallic compounds with insight gained from 
ternary phase diagrams. The chemically inert nature of 
epitaxial Ag layers on GaAs has already been reported, 
but in practical applications Ag may not be a suitable 
contact since it is readily attacked by oxidizing agents in 
the atmosphere. Several intermetallic compounds (i.e., 
PtCa2, CoGa, NiGa) have much higher melting points 
and are more resistant to chemical attack, and are there 
fore to be preferred over Ag as a conducting contact. 

Examples of lattice-matched pseudobinary systems 
involving intermetallic compounds also exist: AuCa2 
and GaSb terminate a pseudobinary cut through the 
Au-Ga-Sb ternary phase diagram. In addition, both 
compounds have cubic crystal structures (AuCa2 has a 
fluorite lattice) with lattice constants within 0.5% of 
each other. Crystalline thin films of (001)-oriented 
AuGa2 have been grown on GaSb(001) by MBE; this 
system is the compound semiconductor analogue of 
NiSi2 on Si. The films are chemically stable on the com 
pound-semiconductor material for annealing tempera 
tures up to 480° C., and the substrates remain flat and 
free of etch pits. This behavior is in marked contrast to 
that observed for Au on GaSb, which reacts strongly to 
produce an extremely rough substrate morphology. 
Even though the lattice mismatch is over 7%, epitax 

ial films of AuGa2 have been grown on GaAs substrates 
by molecular beam epitaxy. These films were shown to 
be chemically inert, and did not react with the substrate 
even when they were heated above the melting temper 
ature of AuCa2. An even more promising metallization 
to GaAs is the intermetallic compound PtCa2, which 
has a lattice mismatch of 4.4%. It also has a cubic flou 
rite lattice, like AuCa2, but it has a melting point in 
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10 
excess of 1000 C. PtCal forms a pseudobinary cut with 
GaAs in the Pt-Ga-AS ternary system, and epitaxial 
films of PtCa2 have been grown on GaAs substrates 
using molecular beam epitaxy techniques. The interme 
tallic compound CoGa is almost perfectly lattice 
matched to GaAs, and single crystal films of this con 
ductor have also been grown on GaAs by molecular 
beam epitaxy. A list of the presently known conducting 
intermetallic compounds in equilibrium with several 
compound semiconductors is shown in Table 1. Thus, 
there are many conductors that would make suitable 
contacts to compound semiconductors that are also 
chemically stable, but the utility of these intermetallic 
compounds was not realized before this invention was 
conceived. 

TABLE 1. 
Compound 
Semiconductor Pseudobinaries 

III-V Al. AlAs. ASb ScAli. T.A. T. Ais, 
VA, Cr,Al, Minal, 
FeAli, FeAls. CoAl. 
NiAE. NiAls. CuAl. 
Y'Al, ZA, Zr Ai. 
Zr Ali, Zr, Al, Mo All, 
Mio Ali, Rual. Ru All. 
RhAl, PdA). PdAli, 
PdAli, La Al, H fall, 
HAli. TaAs. WAli, 
ReAt. Os Al, Iral. 
Pt A: , P: Als, Pt.Als. 
A Liai. Ceal. Ceal. 
Small. Smals. Thal. 
Yb.Alt. Ybals 

Gap, GaAs. GaSb Scs Gas, TiGa. T1Cas, 
V"Gas. CrCia. MnGas. 
FeGay, CoGa, CaGay. 
NiGa. NiGas. CuCay. 
YGal. ZrCas, Mo Cia. 
RuOas. RhCa. RhCas. 
PdCia. LaGa. LaGa, 
HfCa. H foal. HFGas. 
TaGas. OsCa. 
IrCat. IrCat, Pt Ga. 
Pt Gal. PtCas. AuCa. 
AuCah, GcGa, GdCat, 
HoGa. PrOa. SinGa. 
TbCat. ThGa, CeGal. 

InP, InAs. InSb Sc In. Tirin. Crns, 
Mnsin, Coln. Coins. 
Niln, Nini, Culin. 
YIns. Zrins. 
Ruins, Rhin, Rhini, 
PdIn, Pd Ins. Pd Ins. 
Lains, Hf, In, 
IrIns. Ptin, 
Auln, Auln, Cen. 
NdIn, Tbins. Thin. 
YbIn 

I-VI ZnS CuS 
ZnSe CuSe 
CdS AgS 

IV-VI SnSe CuSe, CuSnSes 
SnTe AgTe 

AuSn, AuTel 
PbS AgS 
PbSe AgSe 

NispbSel 
PbTe AgTe. Ag5 Tes 

AuTe 

In summary, the formation of conducting contacts on 
compound-Semiconductor materials is an important 
technological problem. Whether or not chemical reac 
tions will occur when a particular conducting is depos 
ited in a compound-semiconductor substrate can be 
anticipated (or rationalized after the fact) by inspection 
of the appropriate ternary phase diagram. More impor 
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tant, the use of such phase diagrams to choose conduct 
ing intermetallic compounds that terminate pseudobi 
nary tielines with the compound semiconductor of in 
terest for use as contacts is significant. If the conducting 
contact chosen is an intermetallic compound, the 5 
contact will most likely have to be formed on the semi 
conductor substrate by directing stoichiometrically 
appropriate beams of the elements of the metal onto the 
substrate in a manner similar to MBE growth of semi 
conductor materials or by sputtering from an appropri 
ate source material, or by a chemical vapor deposition 
approach. Such contacts will be in thermodynamic 
equilibrium with the semiconductor, except for any 
interfacial stresses or strains, and thus the chemical 
interactions across the conductor/semiconductor inter 
face will be minimized. Table I presents a list of known 
pseudobinary intermetallic compound/compound 
semiconductor systems for the III-V, II-VI, and IV-VI 
compound semiconductors. 
The advantages of such contacts are that they will be 

comprised of a single phase, and thus will be morpho 
logically and electrically uniform. Moreover, since they 
will not interact chemically with the substrate, they 
should be thermally and temporally very stable. Thus, 
these contacts fabricated from intermetallic compounds 
should be excellent candidates for defining very small 
features on compound semiconductors and for forming 
conductors for use in high-temperature environments. 
The uniformity and chemical Stability should also make 
the electrical properties of these contacts highly repro 
ducible and reliable. Furthermore, intermetallic com 
pounds that terminate pseudobinary tielines with com 
pound semiconductors may be found that can be grown 
epitaxially on the substrate material. This allows an 
extra kinetic stabilization of the conductor/compound- 35 
semiconductor interface, and may enable new types of 
structures to be fabricated. 
The use of intermetallic-compound metal contacts on 

compound semiconductors will require a high degree of 
control over the doping of the semiconductor material 40 
in order to specify the electrical properties of these 
contacts. However, the potential gains to be achieved 
from the chemical stability of such systems in terms of 
device requirements suggests that effort expended in 
obtaining a particular electrical characteristic for a 45 
chemically stable conductor should pay dividends in 
terms of long-term device performance and reliability. 

In the foregoing description of the present invention, 
one embodiment of the invention has been disclosed. It 
is to be understood that other varieties Q and enhance- 50 
ments of the present invention are within the scope of 
the invention. Accordingly, the present invention is not 
limited to the particular embodiment which has been 
discussed in detail herein. 
What is claimed is: 
1. A thermodynamically stable intermetallic-com 

pound/compound semiconductor contact comprising 
a compound semiconductor substrate selected from 

the group consisting of AlP, AlAs, and AlSb; and 
a layer of an intermetallic compound formed on said 

substrate as determined by a pseudobinary tieline 
on a ternary phase diagram of the elements of said 
intermetallic compound and said compound semi 
conductor, Said tieline extending between said 
compound Semiconductor and said intermetallic 
compound and defining an interface behaving as a 
binary system, said intermetallic compound deter. 
mined by Said pseudobinary tieline being selected 
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12 
from the group consisting of ScAll, TiAl, TiAl3, 
VAl, CrAli, Min Al, FeAli, FeAl3, CoAl, NiAl, 
NiAls, CuAl2, YAl2, Zr Al, Zr Al, Zr Als, Zr2Als, 
MoA, MoAl3, Ru Al, RuAl2, RhAl, PdAl, 
PdAli, PdAl3, LaAl2, HfAl2, HfAl3, TaAls, 
WAl4, ReAl2, OSA, Iral, Pt.2 Al3, Pt Ali, Pt Ali, 
AuAl, CeAl2, CeAl4, SmAl2, Smals, Thal 2, 
YbAl2, YbAl3. 

2. A thermodynamically stable intermetallic-con 
pound/compound semiconductor contact comprising 

a compound semiconductor Substrate selected from 
the group consisting of GaP, GaAs, GaSb; and 

a layer of an intermetallic compound formed on said 
substrate as determined by a pseudobinary tieline 
on a ternary phase diagram of the elements of said 
intermetallic compound and said compound semi 
conductor, said tieline extending between said 
compound semiconductor and said intermetallic 
compound and defining an interface behaving as a 
binary system, said intermetallic compound deter 
mined by said pseudobinary tieline being selected 
from the group consisting of Sc5 Gas, TiGa2, 
TiGa3, V2Ga5, CrCa, MnGa3, FeCa, CoGa, 
CoGa3, NiGa, Ni2Ga3, CuCa2, YGa, ZrCa3, 
MosGa, RuOa3, RhCa2, RhCas, PdCa, LaGa, 
LaGa, HfGa, HfGa, HfGas, TaGas, OSGa, Ir 
Ga2, IrGas, PtCia, PtCah, Pt. Gas, AuGa, GdCia, 
GdGa2, HoGa2, PrCa2, SmCa2, TbCa2, and 
CeGa. 

3. A thermodynamically stable intermetallic-con 
pound/compound semiconductor contact comprising 

a compound semiconductor Substrate selected from 
the group consisting of InP, InAs, InSb; and 

a layer of an intermetallic compound formed on said 
substrate as determined by a pseudobinary tieline 
on a ternary phase diagram of the elements of said 
intermetallic compound and said compound semi 
conductor, said tieline extending between said 
compound semiconductor and said intermetallic 
compound and defining an interface behaving as a 
binary system, said intermetallic compound deter 
mined by said pseudobinary tieline being selected 
from the group consisting of Sc3In, Tis In 4, CrIn 3, 
Mn3In, CoIn, CoIn2, NiIn, NiIns, Cu2In, YIn3, 
Cu2In, Yln3, Zrin3, Mo, RuIn3, RhIn, RhIns, Pd In, 
Pd2 In 3, Pd Ins, LaIn3, Hf, In, Ta, W, Re, Os, IrIns, 
Ptin2, Aun, Aun, Cein3, NdIn3, Tbin3, Th2n, 
YbIn2. 

4. A thermodynamically stable intermetallic-com 
pound/compound semiconductor contact wherein said 
compound semiconductor comprises GaAs; and 

a layer of an intermetallic compound formed on said 
substrate as determined by a pseudobinary tieline 
on a ternary phase diagram of the elements of said 
intermetallic compound and said compound semi 
conductor, said tieline extending between Said 
compound semiconductor and said intermetallic 
compound and defining an interface behaving as a 
binary system, said intermetallic compound deter 
mined by said pseudobinary tieline comprises 
PtCa2. 

5. A thermodynamically stable intermetallic-com 
pound/compound semiconductor contact wherein: 

said compound semiconductor comprises one of the 
group InAs or InSb; and 

a layer of an intermetallic compound formed on said 
substrate as determined by a pseudobinary tieline 
on a ternary phase diagram of the elements of Said 
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conductor, said tieline extending between said determined by said pseudobinary tieline comprises 
compound semiconductor and said intermetallic Auln2. 
compound and defining an interface behaving as a 5 sk xk xk xk sk 
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